The 220 MHz spectra reported in this paper show the existence of cis-trans isomerism about the Cys-Pro bond in (S-benzyl)-L-Cys-L-Pro-L-Leu-Gly(NH2) and about the Z-Pro bond in (N-benzyloxycarbonyl)-LPro-L-Leu-Gly(NH2). These peptides are derivatives of the side chain of oxytocin, which has the structure L-Pro-LLeu-Gly(NH2). Taken in water-free (CDa)2SO, the spectra also show differences between the two isomers in the amide chemical shifts, which indicate interaction of the terminal end of the peptides with the rest of the residues.
also show differences between the two isomers in the amide chemical shifts, which indicate interaction of the terminal end of the peptides with the rest of the residues. The ratio of the isomeric forms is about 2:3 for the Sbenzylcysteinyl peptide, while it is 1: for the N-benzyloxycarbonyl-protected peptide. The probable assignment of peaks in isomers is discussed, in addition to routine spectral assignments based on extensive decoupling experiments.
It has recently become evident that nmr spectroscopy will be of use in determining conformations of cyclic polypeptides (1) (2) (3) (4) (5) (6) (7) (8) . In particular, we have been interested in conformationactivity correlations in a series of neurohypophyseal hormones, including oxytocin and its derivatives. As part of our experimental program we have encountered in the important side-chain derivatives of oxytocin a phenomenon that bears on current problems in polypeptide conformation (9) and illustrates the power of the nmr technique. The nmr results in this case may also explain some of the difficulties encountered in the x-ray studies on some of the same compounds (10) .
In polypeptides the prolyl unit is capable of existing in both cis and trans conformations. The equilibrium is shown below: The energy difference between the two forms is probably low, but the barrier separating them is thought to be about 20 kcal/mol (11). Some of the compounds we have studied as part of the process of assigning the spectra of oxytocin and its derivatives can exist in forms made possible by isomerism of this type. The polypeptides we have investigated include S-benzyl-i-cysteinyl-L-prolyl-i-leucylglycinamide (I), and the N-benzyloxycarbonyl derivative of the side chain of oxytocin, N-benzyloxycarbonyl-L-prolyl-zleucylglycinamide (II). In addition, we have studied the unprotected side chain of oxytocin, L-prolyl-ileucylglycinamide (III).
MATERIALS AND METHODS Nmr studies
Proton NMR spectra were recorded on Varian Associates HR-220 instruments at Bell Telephone Laboratories and at the Rockefeller University. Homonuclear spin-decoupling was done in field sweep mode by means of a General Radio Co. 1107-A interpolation oscillator. For temperature studies the Varian variable-temperature accessory was used, the temperature of the sample being maintained within ±2.0"C.
The spectra of the compounds were taken in solutions of (CD3)2SO (Uvasol 99.5% isotopic purity, stored over molecular sieves) in concentrations of about 5% w/v. The transfer to high-resolution nmr tubes was done in a dry box. Samples were degassed by a flow of dry N2. Tetramethylsilane was used throughout as an internal reference. Polypeptide preparations S-Benzyl-L-cysteinyl-L-prolyl-Ileucylglycinamide (I) was obtained from Professor Vincent du Vigneaud or was prepared and purified by standard methods (12, 13) . L-Prolyl-L-leucylglycinamide (III) (14, 15) and N-benzyloxycarbonyl-Lprolyl-L-leucylglycinamide (II) (14) were prepared and purified by published procedures. RESULTS The nmr spectrum of the unblocked tripeptide III shown in Fig. 1 (the leucine -yCH and 5CH3 region is not shown) is readily analyzed. With the use of spin-decoupling, complete assignment is possible. The coupled aCH and NH pairs are shown in Fig. 1 , and the chemical shifts (all determined by spin-decoupling experiments) and some spin splittings are shown in Table 1 .
Upon addition of D20 at room temperature, both peptide amide protons exchange rapidly, being reduced to half their original area in less than 5 min. The nmr spectrum of the N-benxyloxycarbonyl-protected side chain II (Fig. 2) is clearly resolvable as the superposition of two spectra, each like that shown in Fig. 1 . This is confirmed by spin-decoupling and indicates immediately the presence of isomerism in the molecule, with a 1 :1 ratio of the isomers. The assignments for N-benzyloxycarbonyl-L-prolyl-L-leucylglycinamide are given in Table 2 .
That this isomerism is a general phenomenon for similar peptides is shown by the spectrum of the S-benzyl-icysteinylprotected side chain I (Fig. 3) . The ratio of the peak areas in the well-separated peptide NH region is 2: 3 (going from low field to high field). Of additional interest is the decrease of the chemical shift between the nonequivalent glycinamide NH2 protons in going from peptide III to the protected peptide I. This must be due to the interaction of these protons with an environment in which they are accidentally nearly degenerate, since the barrier to rotation about the dyad axis is unquestionably very high (16) . Also of note is the large chemical shift difference (0.25 ppm) between the two forms of the aCH of the prolines in III. This is in marked contrast to the very small chemical shift difference for the aCH of proline in the two forms of compound II. The assignments for S-benzyl-L-cysteinyl-i-prolyl-Ileucylglycinamide are shown in Table 3 .
Again the NH2 of the glycinamide residue is of interest. In the spectrum of II, the doublet of doublets due to the two forms of the amide is clearly visible. In compound I, the NH2 hydrogens of the terminal carboxamide group are two very close singlets in a 2: 3 ratio.
DISCUSSION
The presence of isomerism when the proline has an N-bonded residue and its absence when it does not clearly shows that we are dealing with a cis-trans effect. In addition, the sharpness of the peaks and the absence of an observable temperature effect in which the ci&-trans pairs coalesce indicate that the barrier to interchange is very high. The constants for NH- aCH spin-spin coupling for leucine and glycine appear to be about the same in the tripeptide III and the tetrapeptide I, with an average value of 7.4 ± 1.5 Hz. This is consistent with an all-trans configuration about the peptide bond for the leucine and glycine residues in these compounds. Anet and Bourn (17) have shown by means of the nuclear Overhauser effect that in N,N-dimethylformamide the most shielded methyl group is that cis to the carbonyl group. In other amino acid and polypeptide amides such as N-acetyl-N-methyltralanine methyl ester (18) , N-acetyl sarcosine methyl ester (19) , polysarcosine (19) , poly-N-methylalanine (20) , and thioproline (21) , where cis-trans isomerism is observed, hydrogens cis to the amide carbonyl group are further upfield in the nmr spectrum than hydrogens trans to the carbonyl group. The direction of chemical shift differences for the proline cis-trans pair is consistent with what would be expected for the assignment of the upfield aCH of the pair to the trans form. That would make the trans form the dominant one in these solutions for compound I. It is clear both from the spectra and from model studies that the -NH2 of the glycinamide residue interacts with the residue attached to the N-terminus of proline. The accidental near degeneracy of the shift of these protons when sulfur is present suggests to us that an interaction between the lone pairs on the sulfur and the carboxamide -NH2 might be occurring. In this connection, it should be noted that the spectrum of oxytocin (2) shows no evidence of isomerism and that the -NH2 of the glycinamide residue is also very nearly a singlet. CONCLUSIONS
The nmr spectra of various protected derivatives of the side chain of oxytocin show that they exist in solution in two conformations, cis and trans, about the proline. The two forms interchange very slowly on the nmr time scale and are almost Proc. Nat. Acad. Sci. USA 1 1 equally populated. This phenomenon must be quite general and perhaps plays a role in biologically important prolinecontaining peptides.
